Abstract-This study correlates spinal rotation with the forces on the feet and knees while jogging. Force sensors, a spinal rotation device, and video software were used to study four test subjects. The runners were observed during jogs with normal form, with exaggerated spinal rotation, and restricted spinal rotation. Acquired data were applied to a two-dimensional musculoskeletal model to solve for muscle and bone forces in the ankle and knee. Spinal rotation was not directly correlated to the ground reaction force (GRF) in the foot during landing. However, more spinal rotation resulted in longer stride length. Muscle and bone forces were calculated and compared to previous studies and EMG activity. Trends suggest that increased rotation gave rise to decreased compressive joint forces in the knee.
I. INTRODUCTION
Running is a common form of exercise where a wide range of injuries are experienced. These injuries are related to the GRF that is distributed through the ankle, knee, and hip joints. A subject's running form can be analyzed to understand how the compressive bone forces, tensile muscle forces, and joint torques act in the lower limbs. To generate an efficient gait cycle, joints must be capable of sufficient movement, while the muscles have to provide a sufficient amount of force [1] . If joints are stiff and have a limited range, the body has to compensate for the problem, leading to biomechanical abnormalities and injuries [2] .
In recent years, movements in walking and jogging, such as chi running, emphasize more spinal rotation in an effort to reduce the forces on the joints. These methods claim that the twisting motion pulls on the ligaments and tendons in the shoulders, spine and hips, which in turn acts like a rubber band to return the spine to its neutral position [3] . The proponents of these styles claim that more spinal rotation results in a stronger core and fewer injuries. To date, there has been a lack of scientific evidence showing any correlation between spinal rotation and the GRF while running.
This project used force sensors and a spinal rotation device to measure the impact forces upon landing and the angle of spinal rotation while jogging. It was hypothesized that with more spinal rotation, the impact and resultant forces on the feet and knees would decrease.
II. MATERIALS AND METHODS
Originally this study consisted of testing six male and six female subjects while jogging normally, jogging with an exaggerated spinal rotation, and jogging with a restricted spinal rotation. Two Tekscan FlexiForce A201 force sensors were implanted in the sole of the runner's shoe to measure the GRF. The sensors were calibrated by applying known loads. Due to the variation in the landing style of each test subject (forefoot and heel strike), the sensors did not always depict the GRF magnitude. For further analysis, a subset of four test subjects (2 male and 2 female) was selected based on their heel strike landing form and similarity in velocity. The GRF of the 4 test subjects was normalized as a percentage of their body weight (BW).
To measure spinal rotation, test subjects were equipped with a lab constructed goniometer made of a 100 kΩ linear taper potentiometer. The device was calibrated by turning it to a known angle, creating a voltage to angle relation. The subjects wore the device, mounted between the T1 and T12 vertebrae. They ran approximately 15 meters three times at an average velocity of 3.5±0.1 m/s, each time changing their running form from normal, exaggerated, and restricted spinal rotation. The restricted running form was achieved by strapping the subject's arms by their side, thus immobilizing the upper body.
Preliminary data were taken from the subjects such as the length of their lower limbs, body weight, years of running experience, and history of injuries. Test subjects were provided New Balance 509 SR athletic shoes, which offers midsole support and cushioning. Tracking markers were placed at the center of mass for the foot, shank, and thigh. For each trial run, the subjects were recorded using a Casio Exilim Ex-FH100 camera capable of recording 240 frames per second. This allowed measurements of the appropriate lower limb angles. The camera frames were analyzed using Adobe After Effects CS5 to determine velocities and accelerations.
Inverse dynamics equations were applied to the ankle and knee joints during the stance phase using three free body diagrams modeled in the sagittal plane. Muscle insertion points were averaged from anatomy texts and measured based on the length of the subject's limbs. Chandler's model was applied to solve for the location of the center of gravity and it's percentage of body weight. Newton's law of motion was applied and forces were summed to solve for the muscle and bone loads.
III. RESULTS
Due to the individual landing forms, the range of forces (center of pressure) varied with each subject. This restricted our analysis to 4 runners of similar gait. The force equilibrium equations emphasized the role of the soleus and hamstring muscle in balancing the compressive loads in the ankle and knee joint (Table 1) . Studies using EMGs show that these muscles are prominently active during the landing phase of the gait [3] . Mean loads and the standard deviation were calculated in terms of the subjects body weight (BW). 14.9 ± 1.1 10.9 ± 0.8 14.5 ± 1.9 8.6 ± 1.2 Normal 14.4 ± 0.8 10.6 ± 0.6 14.9 ± 2.3 8.8 ± 1.1 Exaggerated 14.5 ± 1.4 10.6 ± 1.0 11.9 ± 1.6 6.5 ± 1.4
A correlation was found between the degree of spinal rotation and stride length. Fig. 1 shows that more spinal rotation resulted in a larger stride. A linear trend was graphed and that shows an r 2 value of .83. A two tailed T test was done and found spinal rotation and step length statistically significant with a p value less than .05. Trends in the muscle and bone models suggest that spinal rotation also had an effect on the force experienced in the knee. Fig. 2 shows the degree of spinal rotation and the computed knee forces. A regression test was done and found the values statistically significant with a p value lower than .05. Subjects that ran with more spinal rotation had larger strides and reduced forces in the knee joint.
Figure 1:
Step length due to spinal rotation. Note that more spinal rotation resulted in an increase in step length. IV. DISCUSSION AND CONCLUSION Wide variation in running forms made it difficult to generalize the gait cycle as a population. Some runners landed with heel strike rotation to mid-foot stance, while others landed on their forefoot. Cases were also observed where a subject's ankle pronates and supinates in the third plane. The testing method did not accurately account for these variations.
This study could not conclude that increased spinal rotation reduces the GRF experienced during the gait cycle. A large factor behind the loads experienced in the ankle and knee joint comes from the center of pressure and where the impact force acts. Also the test subjects were viewed in the sagittal plane, which corresponded to a 2D muscular skeletal model. However, spinal rotation was observed to have an effect on the test subject's gait. Correlation between spinal rotation and stride length was found to be statistical significant. Also, trends in the force equations suggest a decrease in knee joint force with more rotation.
Further research will be done to model the center of pressure for each individual and apply that to the force sensor placement. A kinematic analysis was not performed on the hip joint due to the complexity of the anatomy. A study has shown the effects of restricted spinal motion on the gait and observed the changes between restricted and unrestricted gait on pelvic rotation, obliquity, and tilt [4] . Considering that the hips are the bridge between the upper and lower body, any jarring motion will result in forces experienced in the hip joint and lower back.
